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Large Upper Critical Field of Superconductivity in the Single Crystal U6Co
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We grew single crystals of U6Co by the self-flux method and measured the magnetic suscep-
tibility, resistivity, and specific heat. The magnetic susceptibility shows very small anisotropy
and weak temperature dependence, indicating small spin-susceptibility. Superconductivity was
clearly observed in the resistivity, susceptibility, and specific heat at Tc ∼ 2.3K. The upper
critical field was remarkably large, 7.9 and 6.6T for H ‖ [001] and [110], respectively, in the
tetragonal structure, indicating that the ellipsoidal Fermi surface is slightly suppressed along
the [001] direction according to the effective mass model. The specific heat shows a large jump
at Tc with ∆C/γTc = 1.58, and the field dependence of the specific heat at low temperatures
shows an almost linear increase. These experimental results are well explained by the BCS
model in the dirty limit condition. U6Co is most likely a conventional s-wave superconductor
with a full superconducting gap.
Superconductivity is one of the most fascinating top-
ics in condensed matter physics. In particular, there are
many unconventional superconductors correlated with
magnetism in heavy fermion systems, A simple crite-
rion for the conventional superconductivity is the so-
called Hill limit,1) which indicates the distance between
f -electron atoms and the direct overlap of the f -wave
functions. If the distance is lower than the Hill limit
(d < 3.5 A˚ for uranium compounds), the wave func-
tion of f -electrons forms a narrow band of itinerant
electrons and the high density of states at the Fermi
level, which is favorable for conventional superconduc-
tivity with phonon interactions. On the other hand, a
large distance with d > 3.5 A˚ creates a magnetic order,
which is unfavorable for conventional superconductivity.
U6X (X=Mn, Fe, Co, Ni) is an interesting system that
shows superconductivity with a relatively high Tc com-
pared with other uranium-based superconductors.2, 3)
The values of Tc of these materials are 2.31K (U6Mn),
3.78K (U6Fe), 2.33K (U6Co), and 0.33K (U6Ni). In-
deed, U6Co has the second highest Tc among all the
known uranium-based superconductors. By alloying the
compounds from Mn to Ni, which tunes the number of
valence electrons of the transition-element, Tc changes
smoothly and takes a maximum at U6Fe. This tendency
had been discussed from the viewpoint of the correla-
tion between magnetism and superconductivity because
of the analogy of Slater–Pauling curves.3) Note that U6X
was suggested to be close to the boundary between super-
conducting and ferromagnetic ground states,4) which is
now extensively studied for ferromagnetic superconduc-
tors in heavy fermion systems.5) The smooth variation of
Tc also indicates that the superconductivity in this sys-
tem is robust against disorder and impurities, suggesting
conventional superconductivity. The upper critical field
Hc2 for T → 0 is, however, markedly large in U6Fe and
U6Co. In U6Fe, for example,Hc2(0) is 13.1 and 10.4T for
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H ‖ [001] and [110], respectively, in the tetragonal struc-
ture.6) There are no reports on Hc2(0) in U6Co down to
low temperatures, but a large Hc2(0) is inferred from the
large initial slope of Hc2.
7) The penetration depth8) and
NMR9) experiments suggest BCS-type conventional su-
perconductivity in U6Co. All the previous experiments in
U6Co were done with polycrystalline samples. Although
conventional superconductivity is most likely realized in
U6Co, it is important to clarify the superconducting
properties using a single crystal, especially focusing on
the largeHc2. Therefore, we grew single crystals of U6Co
and measured the resistivity, magnetic susceptibility, and
specific heat down to low temperatures.
U6Co forms the U6Mn-type tetragonal crystal struc-
ture with the space group I4/mcm (#140, D184h), as
shown in Fig. 1. The unit cell containing four molecules is
relatively large with the lattice parameters of a = 10.36 A˚
and c = 5.21 A˚. The two sites of the U atom, U1 and U2
are located in the c-plane, forming square lattices for each
U site. These U-planes are stacked along the c-axis, and
the square lattice in the adjacent U-plane is slightly ro-
tated in the c-plane. The Co atom is located at z = 0.25
between the U-planes. The distance between U atoms is
quite small. The first nearest neighbor is d1 = 2.68 A˚
between U1 sites, and the second nearest neighbor is
d2 = 2.72 A˚ between U2 sites. These values are far be-
low the Hill limit, implying the direct overlap of 5f -wave
functions and the itinerant nature of 5f -electrons.
Single crystals of U6Co were grown by the self-flux
method. Figure 2(a) shows the binary phase diagram of
U-Co.10) The conventional Czochralski pulling method
with stoichiometric amounts is not applicable. Thus, we
attempted to grow U6Co single crystals by the self-flux
method. The starting materials of U and Co with off-
stoichiometric amounts, U:Co = 76:24 (atomic %), shown
in Fig. 2(a), were put in an alumina crucible, which was
sealed in a quartz ampoule. The quartz ampoule was
then heated to 830 ◦C in an electrical furnace. The tem-
perature was maintained for 300 h and then decreased
1
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Fig. 1. (Color online) Tetragonal crystal structure of U6Co. The
U atom has two sites as denoted by U1 and U2. The distances for
the first and second nearest neighbors of the U atom are denoted
by d1 and d2, respectively.
to 740 ◦C with a slow cooling rate of 0.4 ◦C/h. The ex-
cess Co was removed by spinning off in the centrifuge
at this temperature. Many single crystals of U6Co with
a bar shape elongated along the c-axis were obtained,
as shown in Fig. 2(b). The single crystals were oriented
using the Laue photograph, and were cut with a spark
cutter.
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Fig. 2. (Color online) (a) U-Co alloy phase diagram. The data are
taken from Ref. 10. The arrow indicates the starting composition
for the self-flux method. (b) Photograph of a U6Co single crystal
grown by the self-flux method.
The magnetic susceptibility was measured using a
commercial SQUID magnetometer at temperatures down
to 2K. The specific heat was measured at temperatures
down to 0.36K and at fields up to 9T using a relaxation
technique in a 3He cryostat. The resistivity was measured
by the four-probe AC method at temperatures down to
0.03K and at fields up 14T in a 3He cryostat and in a
dilution refrigerator.
Figure 3 shows the temperature dependence of mag-
netic susceptibility for H ‖ [001] and [110]. The sus-
ceptibility shows quite small anisotropy and almost
temperature-independent behavior down to 2.3K, indi-
cating Pauli paramagnetism. Below 2.3K, the suscepti-
bility starts to decrease, revealing a diamagnetic signal
due to the superconducting transition, as shown in the
inset of Fig. 3.
Figure 4(a) shows the temperature dependence of re-
sistivity for the electrical current along the [001] direc-
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Fig. 3. (Color online) Temperature dependence of the magnetic
susceptibility at H = 1T for H ‖ [110] and [001] in U6Co. The
inset shows the temperature dependence of magnetization at low
temperatures measured below 0.001T.
tion. The resistivity decreases with decreasing temper-
ature with a convex curvature and shows a supercon-
ducting transition. The resistivity starts to drop around
2.8K and becomes zero at 2.33K. The midpoint of the
resistivity drop, which we define as the superconduct-
ing transition temperature hereafter, is Tc = 2.36K.
The resistivity follows T 2 dependence below 7K, that is,
ρ = ρ0+AT
2, with the coefficient A = 0.012µΩ·cmK−2
and the residual resistivity ρ0 = 54µΩ ·cm. Despite the
large residual resistivity, the superconducting transition
is rather sharp, indicating that the superconductivity of
U6Co is not very sensitive to the sample quality. This
also implies conventional superconductivity in U6Co.
In order to determine the superconducting phase dia-
gram, we measured the magnetoresistance for H ‖ [001]
and [110]. Figure 4(b) shows the magnetoresistance at
different temperatures for H ‖ [001]. The supercon-
ducting transition is sharp even at high fields, thus, we
could determine the temperature dependence of the up-
per critical field Hc2, as shown in Fig. 5. Here, we de-
fine Hc2 at the midpoint of the resistivity drop. The
values of Hc2 are remarkably large for both H ‖ [001]
and [110]. At the lowest temperature, 0.03K, Hc2 is
7.85T for H ‖ [001] and 6.56T for H ‖ [110]. The ini-
tial slope of Hc2 is −dHc2/dT = 4.3T/K for H ‖ [001]
and 3.4T/K for H ‖ [110]. In general, the Pauli lim-
iting field is given by HP =
√
2∆/(gµB) = 1.86Tc, as-
suming the g-factor g = 2 and the superconducting gap
∆, with 2∆/(kBTc) = 3.53 based on the weak coupling
BCS model. In this case, HP in U6Co is estimated to be
4.3T, which is much smaller than the measured Hc2 for
both directions. Thus, strong-coupling superconductiv-
ity or a small g-factor is required if we assume the spin-
singlet state. As shown later, the specific heat jump at
Tc, namely, ∆C/γTc is only 10% larger than that for the
weak coupling BCS model. Therefore, a small g-factor is
expected. In fact, the weakly temperature dependent sus-
ceptibility for [001] and [110] indicates very small spin-
susceptibility, which is consistent with a small g-value.
For Hc2 ≤ HP, one can expect g < 1.2.
We show in Fig. 6 the angular dependence of Hc2 de-
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Fig. 4. (Color online) (a) Temperature dependence of the resis-
tivity for J ‖ [001] in U6Co. The inset shows the low-temperature
part. (b) Field dependence of the longitudinal magnetoresistance
for J ‖ [001] and H ‖ [001] at different constant temperatures
from 2.3 to 0.4K with 0.1K steps.
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Fig. 5. (Color online) Temperature dependence of the upper crit-
ical field Hc2 for H ‖ [001] and [110] determined by the field and
temperature dependences of resistivity in U6Co. The solid lines
are guides to the eyes.
termined by the magnetoresistance at 30mK. By rotat-
ing the field angle, Hc2 smoothly increases from 6.56T
for [110] to 7.85T for [001]. The angular dependence of
Hc2 can be fitted by the so-called effective mass model,
where an ellipsoidal Fermi surface with anisotropic ef-
fective mass is assumed. The solid line in the main
panel of Fig. 6 is the result of fitting by the equation
Hc2(θ) = Hc2(90
◦)/
√
sin2 θ + (mc/ma) cos2 θ. We ob-
tain mc/ma = 0.699 and kc/ka = 0.84. The effective
Fermi surface is almost spherical with slight suppression
along the [001] direction.
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Fig. 6. (Color online) Angular dependence of the upper critical
field Hc2 at 30mK from H ‖ [001] to [110]. The solid line shows
the results of fitting by the effective mass model. The inset shows
the field dependence of magnetoresistance for different field di-
rections. Hc2 was defined as the midpoint of the resistivity drop.
Figure 7(a) shows the temperature dependence of the
specific heat. The inset of Fig. 7(a) shows the total spe-
cific heat in the form of C/T vs T . The specific heat jump
indicates bulk superconductivity. In the normal state be-
low 4K, the data is well fitted by C/T = γ + βT 2. By
extrapolating the fitting to 0K, we subtract the phonon
contribution and extract the electronic specific heat Cel
from the total specific heat, as shown in the main panel
of Fig. 7, which also satisfies the entropy balance. The
Sommerfeld coefficient is γ ≃ 20mJK−1U-mol−1, indi-
cating moderately enhanced heavy electrons. The value
of A/γ2 is approximately consistent with the so-called
Kadowaki–Woods ratio. Tc determined by the entropy
balance is 2.17K, which is slightly lower than the value
of 2.33K from the resistivity measurements, but is not
very far. The jump of the specific heat is ∆C/γTc = 1.58,
which is slightly larger but close to the weak coupling
BCS value of 1.43.
The low-temperature data from 0.35 to 0.71K were
well fitted by the BCS asymptotic formula,11) Cel/T =
γ0 + 3.15(∆/1.76kBT )
5/2γ exp(−∆/kBT ), as shown in
the main panel in Fig. 7(a). We obtain the gap energy,
∆ = 3.97K, and 2∆/kBTc = 3.7, which is also close to
the weak coupling BCS value.
The thermodynamic critical field Hc can be calcu-
lated from the difference in free energy between the
superconducting and normal states, that is, ∆F (T ) =
µ0H
2
c (T )/2 =
∫ T
Tc
[Ss(T )−Sn(T )]dT , where Ss and Sn are
the entropies in the superconducting and normal states,
respectively, which are calculated as S =
∫
Cel/TdT . We
obtain Hc(0) as 0.065T, which roughly agrees with the
value reported previously, 0.072T.12)
In order to investigate the superconducting gap struc-
ture, we measured the field dependence of the specific
heat at a low temperature, 0.41K, as shown in Fig. 7(b).
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The temperature is approximately equal to 0.19Tc. C/T
increases almost linearly with a slight convex curvature,
implying full-gap superconductivity at the first approx-
imation, although measurements at lower temperatures
and in different field directions are required to obtain a
conclusion.
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Fig. 7. (Color online) (a) Temperature dependence of the elec-
tronic specific heat at zero field in the form of Cel/T vs T in
U6Co. The red solid line below 0.71K shows the results of fit-
ting by the BCS full gap model. The inset shows the total spe-
cific heat in the form of C/T vs T . The red solid line in the inset
shows the specific heat in the normal state extrapolated to 0K
as a function of C/T = γ + βT 2. (b) Field dependence of the
specific heat in the form of C/T vs H for H ‖ [110] at 0.41K,
which is approximately equal to 0.19 Tc.
On the basis of the BCS theory assuming a spheri-
cal Fermi surface, we calculate some parameters of the
superconductivity.13) From the starting parameters of
γ = 20mJK−2U-mol−1, ρ0 = 54µΩ · cm, Tc = 2.3K,
and the lattice parameters, we obtain the initial slope
of Hc2 as −dHc2/dT = 3.5T/K in the case of the dirty
limit. This is close to the values obtained in the exper-
iments, namely, 3.36 and 4.30T/K for H ‖ [110] and
[001], respectively. Taking the average of the experimen-
tal initial slope, we obtain the effective Fermi surface as
1.6×1021m−2, (4.3×1020m−2) for the dirty (clean) limit.
The mean free path is l = 67 A˚, (18 A˚). The BCS coher-
ence length for T → 0 is ξ0 = 0.18~vF/kBTc = 84 A˚,
(38 A˚). The mean free path is smaller than the coher-
ence length, revealing that the present sample is in the
dirty limit condition. This suggests that U6Co is a con-
ventional BCS superconductor. The coherence lengths
estimated from Hc2 = φ0/2piξ
2 are ξ = 65 and 71 A˚ for
H ‖ [001] and [110], respectively. These values are close
to the BCS coherence length ξ0 estimated in the dirty
limit.
Note that similar Hc2 curves have also been reported
for U6Fe.
6) Since U6Fe has a slightly larger Tc (∼ 4K)
than U6Co, Hc2 is also large, 13.1T for H ‖ [001] and
10.4T for [110]. These values can be scaled by a factor
of 1.7 from those of U6Co. The angular dependence of
Hc2 with the effective mass anisotropy mc/ma = 0.64 in
U6Fe is also similar to that of U6Co.
In summary, we succeeded in growing single crystals
of U6Co by the self-flux method. The magnetic suscep-
tibility is almost temperature-independent and is quite
isotropic between H ‖ [001] and [110], indicating small
spin-susceptibility compared with orbital susceptibility,
which is consistent with the small g-factor estimated
from the specific heat and the Pauli limit. The upper
critical field Hc2 and its initial slope are relatively large,
indicating a moderately enhanced heavy fermion system.
The anisotropy of Hc2 can be well explained by the ef-
fective mass model, which reveals the almost spherical
Fermi surface suppressed slightly along the [001] direc-
tion. The superconducting parameters obtained using the
BCS model in the dirty limit condition agree reasonably
well with the experiments, indicating an s-wave super-
conductor with most likely a full gap of U6Co.
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